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A B S T R A C T
We are frequently challenged with situations requiring the control of our emotions, often under substantial time-
pressure and rapidly changing contextual demands. Coping with those demands requires the ability to ﬂexibly
and rapidly switch between diﬀerent emotional control strategies. However, this ability has been largely ne-
glected by current neurocognitive models on emotional control. Drawing on the decision-making literature, we
propose that rapid switching between alternative emotional control strategies requires the concurrent evaluation
of unchosen (counterfactual) options. This model explains how an individual can adaptively change emotional
control behavior to meet contextual demands and shifting goals. We propose that the neural implementation of
this emotional control mechanism relies on the anterior prefrontal cortex (aPFC/lateral frontal pole), given its
known role in monitoring alternative options during cognitive decision-making tasks. We reappraise meta-
analytic evidence showing consistent aPFC involvement during emotional control when monitoring of alter-
native emotional control strategies is required, and when alternative emotional actions have high value. We
conclude with emphasizing the clinical and evolutionary implications of this new framework on emotional
control.
1. Introduction
We are frequently challenged with complex, ever-changing situa-
tions requiring the dynamic control of our emotions. Emotion regula-
tion (or: emotional control) refers to all conscious and non-conscious
regulatory strategies by which the physiological, behavioral or sub-
jective component of an emotional response is altered or controlled
(Ochsner and Gross, 2005). Cognitive emotion regulation strategies
include altering the perception of an emotional stimulus (e.g. distrac-
tion), its aﬀective evaluation (i.e. cognitive reappraisal) or its asso-
ciated behavioral response (e.g. emotional action control) (Ochsner
et al., 2002; Ochsner and Gross, 2005; Roelofs et al., 2009). Crucially,
the eﬀectiveness of these diﬀerent emotional control strategies depends
on contextual and personal demands (Aldao, 2013; Sheppes et al.,
2014, 2011; Sheppes and Levin, 2013). Therefore, adaptive emotional
control requires the ability to ﬂexibly switch between diﬀerent emotion
control strategies, especially in unfamiliar and rapidly changing situa-
tions when the best course of action is uncertain (Bonanno and Burton,
2013; Levy-Gigi et al., 2016; Sheppes et al., 2014, 2011; Sheppes and
Levin, 2013). Yet, this ability has remained largely neglected in current
neurocognitive models on emotional control (Etkin et al., 2015;
Morawetz et al., 2017).
We aim to extend current neurocognitive accounts of emotional
control, taking the ability to evaluate and generate alternative emo-
tional control strategies into account. This model explains how an in-
dividual adaptively changes emotional control behavior to meet per-
sonal or contextual demands. Drawing on the decision-making
literature, we propose that alternative scenarios, not directly guiding
ongoing behavior, are concurrently evaluated to achieve control while
the emotional experience unfolds. We consider the neural im-
plementation of this emotional control model, for which we provide
theoretical and meta-analytic evidence, and conclude with discussing
its clinical and evolutionary implications.
2. Current neurocognitive models of emotional control
One of the current dominant neurocomputational models of emo-
tional control was proposed by Etkin et al., (2015), who conceptualized
emotional control in the context of reinforcement learning (Sutton and
Barto, 1998), in which decisions on emotional control strategies are
made to achieve a desired emotional state. According to general re-
inforcement learning models, behavioral choices are based on
https://doi.org/10.1016/j.neubiorev.2018.11.003
Received 7 March 2018; Received in revised form 17 September 2018; Accepted 5 November 2018
⁎ Corresponding author at: Donders Institute for Brain, Cognition and Behavior, Radboud University Nijmegen, PO Box 9104, 6500 HE Nijmegen, the Netherlands.
E-mail address: s.koch@donders.ru.nl (S.B.J. Koch).
Neuroscience and Biobehavioral Reviews 95 (2018) 528–534
Available online 06 November 2018
0149-7634/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).
T
predictive values of actions and stimuli, which can be adaptively ad-
justed in case discrepancies between actual and predicted rewards or
punishments arise, thereby reinforcing behavior that optimizes rewards
and minimizes punishments (Sutton and Barto, 1998). During emo-
tional control, behavior is aimed at achieving a desired emotional state
(i.e. predicted outcome) by employing an emotional control strategy,
such as distraction and reappraisal. The eﬀectiveness of the chosen
emotional control strategy is evaluated based on discrepancies between
the expected and actual emotional state (i.e. prediction errors). Pre-
diction errors thus signal that the chosen emotional control strategy did
not result in the desired emotional outcome, because the desired
emotional state was either not obtained (i.e. negative prediction error)
or exceeded (i.e. positive prediction error) (Etkin et al., 2015).
Within the context of reinforcement learning-based theories of
emotional control, a distinction is made between model-free and model-
based decisions (Etkin et al., 2015). For instance, fear inhibition pro-
cesses (e.g. during extinction learning) and emotional conﬂict eﬀects
(e.g. in emotional Stroop tasks) have been suggested to reﬂect model-
free reinforcement learning processes (Etkin et al., 2015), which is
based on experienced prediction errors only (Daw et al., 2005; Lee
et al., 2012). That is, behavior is guided in response to experienced
prediction errors, not requiring a priori knowledge of the context and
resulting in reinforcement of the choices with the greatest rewarding
value. This strategy is computationally simple, but often inﬂexible.
During model-based reinforcement learning, on the other hand, beha-
vior is guided based on internal representations of the environment and
is not completely driven by direct experience of the rewarding or
punishing consequences of actions, making it more ﬂexible but com-
putationally more demanding than model-free reinforcement learning
(Daw et al., 2005; Lee et al., 2012). Emotional control strategies such as
cognitive reappraisal and distraction are examples of model-based
emotional control, depending on internal models of the individual’s
emotional state and contextual information (i.e. which emotional con-
trol strategy was used in this situation in the past) (Etkin et al., 2015).
Thus, according to this neurocomputational model on emotional con-
trol, the eﬀectiveness of the ongoing emotional control strategy is
continuously monitored and adjusted to achieve a desired emotional
state (Etkin et al., 2015). In this review, we extend the model of Etkin
et al., (2015), arguing that alternative emotional control strategies
should also be concurrently monitored to enable an individual to decide
when to switch to which alternative strategy when needed.
3. Emotional control requires monitoring alternative options
Crucially, the outcome of an emotional control strategy may vary in
diﬀerent contexts, requiring the ability to ﬂexibly switch between dif-
ferent strategies to meet contextual demands (Sheppes et al., 2014,
2011). For example, Sheppes et al. observed that healthy individuals
ﬂexibly switched between diﬀerent emotional control strategies, de-
pending on emotional intensity of the situation. Upon stimulus pre-
sentation, participants were instructed to choose either reappraisal (i.e.
reinterpret emotional stimulus to reduce its negative meaning) or dis-
traction (i.e. disengage from emotional stimulus and think about
something emotionally neutral) as emotional control strategy to reduce
negative aﬀect. It was found that reappraisal - which allows for emo-
tional processing and adaptation - was employed in low intensity si-
tuations, whereas distraction was preferred in high intensity situations,
which enables blocking the emotional information (Sheppes et al.,
2014, 2011). It is crucial for human adaptive emotional behavior to
determine when to switch to which alternative strategy, depending on
personal and situational demands, such as stimulus intensity and con-
text (Bonanno et al., 2004; Levy-Gigi et al., 2016; Sheppes et al., 2015).
For example, regulatory ﬂexibility has been associated with stress re-
silience in primary responders: repeated trauma exposure was asso-
ciated with increased post-traumatic stress disorder (PTSD) symptom
severity in ﬁre ﬁghters with low regulatory ability, but not in those with
high regulatory ﬂexibility (Levy-Gigi et al., 2016). Thus, this contextual
switching ability is crucial for eﬀective emotional control (Bonanno
et al., 2004; Bonanno and Burton, 2013; Levy-Gigi et al., 2016; Sheppes
et al., 2015). However, as it has been largely neglected by current
neurocognitive models on emotional control, we aim to extend these
models by taking the ability to evaluate and generate alternative
emotional control strategies into account.
Drawing on the decision-making literature, we propose that con-
textual switching between diﬀerent emotional control strategies could
be explained by hierarchically articulated models, where a repertoire of
strategies is considered (Koechlin, 2016, 2014). Those models imply
that alternative (counterfactual) emotional control strategies, including
those not directly guiding ongoing behavior, are concurrently evaluated
to achieve emotional control (Boorman et al., 2011; Koechlin, 2016).
That is, besides monitoring the eﬀectiveness of the ongoing emotional
control strategy, evidence in favor of several counterfactual emotional
control strategies should be concurrently evaluated to enable an in-
dividual to adaptively change emotional control behavior to meet
personal and contextual demands (Koechlin, 2016, 2014). Thus, to
optimally infer when to switch to which alternative emotional control
action, evidence in favor of multiple alternative emotional control
strategies, which were previously used to guide behavior, should also
be concurrently evaluated. This enables retrieval of an alternative
course of action in case the ongoing behavior does not result in the
expected outcome. Moreover, new emotional control strategies may be
created based on internal models of previously learned behavior, given
current action outcomes and external cues (Koechlin, 2016, 2014).
Taken together, this decision-making framework on the evaluation and
generation of alternative emotional control strategies may account for
the human ability to ﬂexibly adapt behavior to unknown and/or
changing situations.
4. The aPFC encodes alternative options
At the neural level, the process of monitoring alternative options has
consistently been attributed to the anterior prefrontal cortex (aPFC) or
lateral frontal pole (Boorman et al., 2011, 2009, Koechlin, 2016, 2014;
Mansouri et al., 2017). This prefrontal area has been associated with
higher-order cognitive functions which require maintaining re-
presentations of alternative courses of action in mind (i.e. ‘cognitive
branching’) (Koechlin and Hyaﬁl, 2007), such as prospective memory
(Burgess et al., 2011; Umeda et al., 2011; Volle et al., 2011), relational
reasoning (Bunge et al., 2009; Hartogsveld et al., 2017; Vendetti and
Bunge, 2014), multitasking behavior (Dreher et al., 2008; Roca et al.,
2011) and arbitrating between model-based and model-free reinforce-
ment learning (Lee et al., 2014). Evidence for the role the aPFC in
monitoring counterfactual choices comes from functional MRI (Badre
et al., 2012; Daw et al., 2006), EEG (Cavanagh et al., 2012) and tran-
scranial magnetic stimulation (TMS) (Zajkowski et al., 2017) studies,
showing aPFC involvement during decisions to explore alternative op-
tions. During voluntary decision-making, the aPFC accumulates evi-
dence in favor of switching to alternative actions and communicates
with the mid-intraparietal sulcus (mid-IPS) for the actual switching
(Boorman et al., 2009). Notably, when presented with two alternative
options, the aPFC accumulates evidence in favor of the best alternative
option, increasing linearly with increasing reward probabilities of the
best alternative. On the other hand, aPFC activity decreased linearly
with increasing reward probabilities of both the current action and the
other alternative, hence taking into account the costs of switching to the
best alternative option (Boorman et al., 2011). In sum, accumulating
evidence indicates that the aPFC is crucial in encoding value of the best
counterfactual option, thereby enabling eﬃcient switching to that op-
tion in the future (Boorman et al., 2011, 2009; Mansouri et al., 2017;
Rushworth et al., 2011).
In this review, the aPFC is deﬁned as the lateral part of the frontal
pole (See Fig. 1). The frontal pole entails the anterior-most part of the
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prefrontal cortex (Öngür et al., 2003). Compared to other hominoids,
the human frontal pole is largest, both in total size and relative to total
brain volume (Semendeferi et al., 2001). Furthermore, extensive con-
nections of the frontal pole with higher-order association areas
(Semendeferi et al., 2001) are suggested to support domain-general
processes (Ramnani and Owen, 2004). Positioned at the highest level of
the rostral-caudal prefrontal hierarchy (Badre and D’Esposito, 2009),
the most abstract and complex levels of human cognitive control are
attributed to the frontal pole (Koechlin, 2016; Koechlin and Hyaﬁl,
2007; Ramnani and Owen, 2004). The human frontal pole consists of a
lateral and a medial subdivision, each with distinct cytoarchitecture,
function and connectivity patterns (Bludau et al., 2014; Neubert et al.,
2014). According to a comparative parcellation study of the ventral
prefrontal cortex, connectivity proﬁles of the lateral frontal pole (or
aPFC) have no obvious homologue in macaques (Mars et al., 2016;
Neubert et al., 2014), supporting the idea that this prefrontal region
may be uniquely human (Koechlin, 2011; Neubert et al., 2014). It has
been suggested that, whereas the primate medial frontal pole monitors
the relevance of the current goal or behavioral strategy (i.e. allowing
for undirected exploration of alternative strategies when internal or
external contingencies change), the lateral frontal pole (or aPFC) de-
veloped in humans to support the monitoring of multiple alternative
tasks or goals and switching to the best alternative (i.e. directed ex-
ploration) (Mansouri et al., 2017).
5. The aPFC encodes alternative emotional control strategies and
actions
According to the literature reviewed above (Section 4), the process
of monitoring evidence in favor of alternative options has been con-
sistently attributed to the aPFC (Boorman et al., 2011, 2009; Mansouri
et al., 2017; Rushworth et al., 2011). However, this notion on aPFC
functioning has remained limited to the cognitive decision-making
domain. Here, we investigate whether there is evidence in the neuroi-
maging literature for a domain-general role of the aPFC in monitoring
alternative options, also underlying the regulation of emotions and
emotional actions.
5.1. Alternative emotional control strategies
Consistent with the notion that the aPFC can play a role in emo-
tional control, several coordinate-based neuroimaging meta-analyses
found aPFC activity during cognitive emotion regulation tasks (Kalisch,
2009; Morawetz et al., 2017). Surprisingly however, the aPFC is typi-
cally not discussed in neuroimaging studies on emotion regulation,
which emphasize involvement of frontoparietal and dorsal midline
cortices during implementation of cognitive emotional control strate-
gies (Braunstein et al., 2017; Buhle et al., 2014; Frank et al., 2014;
Kanske et al., 2011; Kohn et al., 2014; Morawetz et al., 2017;
Vanderhasselt et al., 2013). However, in a recent meta-analysis on
emotion regulation, converging activation was found in the left aPFC
(BA10) during cognitive reappraisal (N=80 studies) (Morawetz et al.,
2017). Although this notion was not part of their conclusion, a fair
proportion of the studies (N=18 studies, 22.5%) contributed to this
observation.
In order to reappraise this observation, a researcher blind to our
hypothesis subdivided the cognitive reappraisal studies included in the
meta-analysis of Morawetz et al. (2017) into (1) studies with room for
alternative strategies and (2) studies instructing a single emotional
control strategy. This categorization was implemented to test the hy-
pothesis that only during the ecologically valid situation when multiple
emotional control strategies are possible, the aPFC is implicated in
monitoring the unchosen emotional control strategies. In the studies
allowing for alternative strategies, participants were provided with
multiple reappraisal strategies (i.e. take the perspective of a detached
observer, imagine the scenes are unreal and reinterpret the scenes), or
were asked to reinterpret the outcome, meaning or situation of the
depicted scenes into more positive terms. Both instances allow for
considering alternative strategies and/or interpretations. In the single
strategy studies, on the other hand, participants were instructed either
to take the perspective of a detached observer, or to reinterpret the
stimulus in a speciﬁc way (i.e. think about the long-term consequences
of using a substance) (See Supplementary Table S1 for classiﬁcation of
studies).
Coordinates of the same contrasts considered in the meta-analysis of
Morawetz et al. (2017) were ﬁt into two separate coordinate-based
quantitative meta-analysis: one on studies with room for alternative
strategies (N= 42 studies, 585 foci) and one on studies with a single
strategy (N=35 studies, 419 foci). We conducted these meta-analyses
with GingerALE 2.3.6 (http://brainmap.org/ale) (Eickhoﬀ et al., 2009;
Turkeltaub et al., 2002), using a cluster-level threshold of p < 0.05
and a cluster-forming threshold of p-uncorrected< 0.001 to correct for
multiple comparisons. Finally, we performed a subtraction analysis
(Eickhoﬀ et al., 2011) to examine diﬀerences in meta-analytic activa-
tions between studies with room for alternative strategies vs those in-
structing a single strategy. As this contrast analysis was computed on
clusters surviving multiple comparisons correction for the two separate
meta-analyses, we used a threshold of p-uncorrected< 0.01 (5000
threshold permutations) and a minimum volume of 100 mm3 to ensure
stringent thresholding while avoiding inﬂation of negative results
(Sokolowski et al., 2017). Data and results of these meta-analyses are
available from the Donders Institute for Brain, Cognition and Behaviour
repository at http://hdl.handle.net/11633/di.dccn.DSC_3023000.00_
749.
In line with our hypothesis on the role of the aPFC in encoding
counterfactual options, signiﬁcant left aPFC activity was found during
Fig. 1. Schematic illustration of the anterior
prefrontal cortex (aPFC) and medial frontal
pole.
Throughout this review, the anterior prefrontal
cortex (aPFC) is deﬁned as the lateral part of
the frontal pole (FPl), which consists of a lat-
eral and medial (FPm) subdivision. The aPFC
(or lateral frontal pole) is suggested to monitor
alternative emotional control strategies, which
enables switching to the best alternative op-
tion. The medial frontal pole has been sug-
gested to monitor relevance of the current be-
havioral goal or strategy.
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emotional control in studies with room for evaluating alternative
emotional control options (BA10, Center of mass MNI xyz = −34, 49,
7; see Fig. 2B and Supplementary Table S3 for all results of the meta-
analyses). On the other hand, when participants performed a single
emotional control strategy and had little room to consider alternative
options, no signiﬁcant aPFC activity was found (See Fig. 2A). Further-
more, when directly contrasting these meta-analytic activations using a
subtraction analysis, we observed two clusters of left aPFC activity in
studies with multiple strategies compared to those instructing a single
strategy (1. BA10, Center of mass MNI xyz =−34, 56,−2 and 2. BA10
Center of mass MNI xyz = −36, 50, 12). Thus, these meta-analytic
ﬁndings suggest the aPFC is implicated in emotional control, especially
when the tracking of diﬀerent emotional control strategies is required.
In line with this suggestion, a previous behavioral emotion regulation
study found that subjects who used more emotional control strategies
switched more often between available strategies (Aldao and Nolen-
Hoeksema, 2013). Our meta-analytic ﬁnding of aPFC activity may
therefore reﬂect the monitoring of and switching between emotional
control strategies. However, this possibility needs to be tested empiri-
cally, for example by systematically altering the number of alternative
strategies, or by instructing participants to monitor evidence in favor
for alternative strategies. Notably, in line with our meta-analytic evi-
dence, a previous meta-analysis on cognitive emotion regulation studies
found aPFC activity during ‘late’ reappraisal processes, which arguably
involve maintaining the emotional control strategy in working memory,
monitoring regulation success and monitoring alternative strategies
(Kalisch, 2009).
5.2. Alternative emotional actions
Further support for the role of the aPFC in emotional control comes
from studies investigating the neural control over automatic action
tendencies, which typically require decisions on whether to approach or
avoid an emotional stimulus. When automatic action tendencies to
approach positive and avoid negative stimuli (Frijda, 1986; Lang et al.,
1990) interfere with goal-directed behavior, these automatic action
tendencies need to be controlled in favor of the opposite actions
(Kaldewaij et al., 2017; Roelofs et al., 2009; Volman et al., 2011b).
Neural control over emotional actions involves the aPFC and adjacent
vlPFC (Radke et al., 2015; Roelofs et al., 2009; Volman et al., 2011a,
2011b), in line with results of a quantitative meta-analysis in eight
emotional action control studies (BA10, left: MNI xyz = −30, 58, 4,
right: MNI xyz=32, 54, 8; See Fig. 2C). Although goal-directed control
over automatic action tendencies is crucial for human ﬂexible behavior,
simply suppressing those tendencies might not suﬃce. In rapidly
changing and uncertain contexts, it may be equally important to si-
multaneously encode accumulating evidence in favor of alternative
actions. Overriding automatic action tendencies may have detrimental
consequences (i.e. approaching an angry person may result in a ﬁght),
and considering alternative actions would enable rapid switching when
needed (i.e. avoid the angry individual if a ﬁght is imminent). Notably,
evidence indicates that the best alternative option has a special status in
the aPFC: the aPFC does not encode all alternative strategies equally
(Boorman et al., 2011). The involvement of the aPFC in emotional ac-
tion control might result from the contribution of this region in mon-
itoring evidence in favor of the best alternative action or alternative
task sets.
6. Phylogenetic perspective on the aPFC
Our model on the role of the aPFC in monitoring alternative emo-
tional control strategies and actions can also be discussed from a phy-
logenetic perspective. The frontal pole has been suggested to have
specialized in the hominid lineages (Semendeferi et al., 2001) and the
lateral part (or aPFC) does not seem to have an obvious homologue in
macaques (Neubert et al., 2014). Higher-order cognitive functions at-
tributed to the frontal pole, such as abstract reasoning, were suggested
to have developed late in the human lineage (Mithen, 1998). For ex-
ample, non-human primates use less eﬃcient strategies to solve higher-
order relational reasoning problems (Penn et al., 2008), which may
support expansion of these cognitive functions in the human lineage.
Indeed, it has been suggested that the development of the prefrontal
and posterior parietal cortices improved foraging choices in anthro-
poids, which eventually resulted in development of domain-general
relational reasoning and problem-solving capabilities in humans
(Genovesio et al., 2014; Passingham and Wise, 2012).
Interestingly, considering alternative long-term outcomes over im-
mediate action outcomes enables the ability to systematically engage in
prosocial activities and social tolerance, which has been suggested to be
important for the development of cumulative culture in the human
lineage (Hare, 2017; Hare and Tomasello, 2005). For instance, chim-
panzees' inability to control their monopolistic attitudes towards re-
wards is a well-known factor contributing to the frequent breaches of
cooperative eﬀorts in their groups. More precisely, social tolerance
systematically breaks down once rewards require turn taking (Hare
et al., 2007; Melis et al., 2006), i.e. considering alternative long-term
outcomes to the immediate action outcome. In this perspective, eﬀec-
tive emotional control might contribute to the ability to systematically
engage in prosocial activities, a fundamental condition for the devel-
opment of cumulative culture (Whiten et al., 2017). Notably, the frontal
Fig. 2. aPFC encodes alternative options during emotional control.
The studies included in the meta-analysis of Morawetz and colleagues (2017) were classiﬁed into (A) those instructing a single strategy and (B) those with room for
alternative strategies. This classiﬁcation shows signiﬁcant aPFC activation during reappraisal (vs control conditions) when alternative strategies are available. (C)
Signiﬁcant bilateral aPFC activity is also found when (high value) automatic emotional actions need to be monitored during emotional action control, based on 8
fMRI studies on emotional action control. Coordinates are given in MNI stereotaxic space.
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pole has been implicated in social cognition (Moll et al., 2011, 2001;
Roca et al., 2011), and human lesion studies consistently found socially
inappropriate and less social behavior in patients with frontal pole and
orbitofrontal lesions (Beer et al., 2006; Berlin et al., 2004; Damasio
et al., 1994). Moreover, patients with frontal pole lesions not only
showed impaired multitasking behavior, but also impaired social cog-
nition on a theory of mind task (i.e. predicting beliefs and intentions of
others), which was positively associated with extent of right frontal
pole volume damage (Roca et al., 2011).
7. Relevance of the novel emotional control model for
psychopathology
Various psychiatric disorders, such as major depressive disorder
(MDD), anxiety disorders, PTSD and psychopathy, are characterized
with impaired emotional control abilities (Aldao et al., 2010; Liberzon
and Abelson, 2016; Rive et al., 2013; von Borries et al., 2012). Not
surprisingly, currently available psychotherapies for these disorders,
such as cognitive behavioral therapy (CBT), all focus on emotion reg-
ulation aspects. Crucially, however, diminished emotional control
abilities in psychiatric disorders may additionally be characterized with
the (in)ability to select or switch to optimal emotional control strategies
(Kato, 2012; Sheppes et al., 2015). Given insuﬃcient response to cur-
rently available psychotherapies (Bradley et al., 2005; Johnsen and
Friborg, 2015), valuable insights could be gained by investigating the
(in)ability to switch between emotional control strategies in psycho-
pathology, and how to improve this ability within psychotherapy.
Furthermore, our hypothesis on the role of the aPFC in monitoring
counterfactual emotional control strategies has important implications
for research on the neural correlates of (impaired) emotional control,
both in healthy individuals, and in psychopathology. It suggests that
neuroimaging ﬁndings on (deﬁcient) involvement of diﬀerent pre-
frontal areas in emotional control may depend on task instruction, i.e.
whether alternative emotional control strategies are available or whe-
ther a single strategy is instructed. For example, during down-regula-
tion of negative aﬀect using detachment as single strategy, impaired
amygdala down-regulation was found in MDD patients, compared to
healthy controls (Greening et al., 2014), whereas prefrontal recruitment
was similar in both groups (Greening et al., 2014; Rive et al., 2015). On
the other hand, when multiple emotional control strategies were pro-
vided, relative over-recruitment of ventrolateral PFC activity
(Johnstone et al., 2007), as well as reduced down-regulation of pre-
frontal default mode network nodes (Sheline et al., 2009) was observed
in MDD patients during down-regulation of negative aﬀect. Thus,
conclusions on whether emotion regulation deﬁcits in MDD are asso-
ciated with impaired amygdala down-regulation (Greening et al.,
2014), or increased prefrontal recruitment (Johnstone et al., 2007;
Sheline et al., 2009), may depend on availability of counterfactual
emotional control strategies during task performance. Additionally, we
observed reduced aPFC activity in patients with borderline personality
disorder and in aggressive delinquents, as well as reduced aPFC-
amygdala functional connectivity in aggressive delinquents during ap-
proach avoidance tasks where the unchosen option has higher value
(Bertsch et al., 2018; Volman et al., 2016). Thus, diﬀerences in the
availability of alternative emotional (control) actions may have inﬂu-
enced previous ﬁndings, although the limited number of neuroimaging
studies on emotional control in psychiatric patients prevented us from
systematically reviewing this. Our hypothesis on aPFC involvement in
emotional control underlines the importance to investigate the neural
correlates of the contextual switching component of emotional control
in psychopathology.
8. Conclusion
8.1. Implications
In this review, we extended the current neurocognitive account of
emotional control by incorporating the ability to ﬂexibly switch be-
tween diﬀerent emotional control strategies, which is needed for op-
timal emotional control in unfamiliar and rapidly changing environ-
ments. We provided theoretical and empirical evidence that the aPFC is
involved in emotional control, especially when monitoring of alter-
native emotional control strategies is required. Accounting for this
contextual switching ability advances our understanding of emotional
control, enabling us to investigate the ability to ﬂexibly change and
even generate new emotional control strategies when the ongoing
strategy does not meet personal or contextual demands. Further, it has
important implications for research on the neural correlates of emo-
tional control, both in healthy individuals and psychiatric patients,
indicating that task instruction (i.e. whether alternative regulatory
strategies are available) may inﬂuence ﬁndings of prefrontal involve-
ment during (ineﬀective) emotional control. Moreover, it suggests a
domain-general role of the aPFC in encoding counterfactual task-sets,
thereby pointing at the long neglected role of the aPFC in the aﬀective
domain.
8.2. Setting a research agenda
Although we provided converging evidence for the hypothesis on
the role of the aPFC in encoding counterfactual emotional control
strategies, some interpretational limitations need to be mentioned.
First, our hypothesis on the role of the aPFC in monitoring alternative
emotional control strategies should be empirically investigated, both in
healthy participants and in psychiatric patients. For instance, it remains
to be tested whether the involvement of the aPFC in emotional control
indeed depends on the number of available emotional control options
given contextual demands (Sheppes et al., 2014, 2011), and reﬂects
monitoring of and/or switching between alternative emotional control
options. Alternatively, it has been suggested that aPFC activity may
reﬂect domain-general motivation to obtain a speciﬁc (emotional con-
trol) goal (Soutschek et al., 2018). However, the motivation to reduce
negative aﬀect was presumably comparable in emotion regulation
studies instructing multiple strategies vs a single strategy, rendering
this alternative explanation unlikely.
In addition, it remains to be investigated whether the aPFC activity
reported in emotional control studies spatially overlaps with aPFC ac-
tivity evoked during cognitive processes typically attributed to the
aPFC, such as cognitive branching and relational reasoning (Koechlin
and Hyaﬁl, 2007; Vendetti and Bunge, 2014). We are currently in-
vestigating the spatial overlap between aPFC contributions to emo-
tional control and relational reasoning. Another important issue for
future research on the involvement of the aPFC in emotional control
pertains to its changing contributions during human development. The
aPFC continues to develop into late childhood and adolescence (Konrad
et al., 2005; Shaw et al., 2008; Sowell et al., 2003; Travis et al., 2005),
and it has previously been found that less mature adolescents showed
less aPFC involvement during emotional action control, compared to
more mature same-aged peers (Tyborowska et al., 2016). From an
evolutionary perspective, the aPFC developed late in the human lineage
(Semendeferi et al., 2001; Tsujimoto et al., 2011), possibly supporting
the unique human ability to systematically engage in prosocial activ-
ities by considering long-term consequences. Whether aPFC involve-
ment in monitoring alternative emotional control strategies also de-
velops during childhood and adolescence in humans remains an open
research question. Answering these outstanding questions will be im-
portant for understanding the human ability to ﬂexibly adapt their
emotional control strategies to ephemeral social environments, and to
integrate the often juxtaposed domains of emotion and reasoning.
S.B.J. Koch et al. Neuroscience and Biobehavioral Reviews 95 (2018) 528–534
532
Acknowledgements
KR and SK were supported by a starting grant from the European
Research Council (ERC_StG2012_313749) and VICI grant (#453-12-
001) from the Netherlands Organization for Scientiﬁc Research (NWO)
awarded to KR. RM was supported by a VIDI grant (#452-13-015) from
the Netherlands Organization for Scientiﬁc Research (NWO). We thank
our research assistant Tiele Döpp for her valuable help in categorizing
the studies in the meta-analysis.
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.neubiorev.2018.11.
003.
References
Aldao, A., 2013. The future of emotion regulation research: capturing context. Perspect.
Psychol. Sci. 8, 155–172. https://doi.org/10.1177/1745691612459518.
Aldao, A., Nolen-Hoeksema, S., 2013. One versus many: Capturing the use of multiple
emotion regulation strategies in response to an emotion-eliciting stimulus. Cogn.
Emot. 27, 753–760. https://doi.org/10.1080/02699931.2012.739998.
Aldao, A., Nolen-Hoeksema, S., Schweizer, S., 2010. Emotion-regulation strategies across
psychopathology: a meta-analytic review. Clin. Psychol. Rev. 30, 217–237. https://
doi.org/10.1016/j.cpr.2009.11.004.
Badre, D., D’Esposito, M., 2009. Is the rostro-caudal axis of the frontal lobe hierarchical?
Nat. Rev. Neurosci. 10, 659–669. https://doi.org/10.1038/nrn2667.
Badre, D., Doll, B.B., Long, N.M., Frank, M.J., 2012. Rostrolateral prefrontal cortex and
individual diﬀerences in uncertainty-driven exploration. Neuron 73, 595–607.
https://doi.org/10.1016/j.neuron.2011.12.025.
Beer, J.S., John, O.P., Scabini, D., Knight, R.T., 2006. Orbitofrontal cortex and social
behavior: integrating self-monitoring and emotion-cognition interactions. J. Cogn.
Neurosci. 18, 871–879. https://doi.org/10.1162/jocn.2006.18.6.871.
Berlin, H.A., Rolls, E.T., Kischka, U., 2004. Impulsivity, time perception, emotion and
reinforcement sensitivity in patients with orbitofrontal cortex lesions. Brain 127,
1108–1126. https://doi.org/10.1093/brain/awh135.
Bertsch, K., Roelofs, K., Roch, P.J., Ma, B., Hensel, S., Herpertz, S.C., Volman, I., 2018.
Neural correlates of emotional action control in anger-prone women with borderline
personality disorder. J. Psychiatry Neurosci. 43, 170102.
Bludau, S., Eickhoﬀ, S.B., Mohlberg, H., Caspers, S., Laird, A.R., Fox, P.T., Schleicher, A.,
Zilles, K., Amunts, K., 2014. Cytoarchitecture, probability maps and functions of the
human frontal pole. Neuroimage 93, 260–275. https://doi.org/10.1016/j.
neuroimage.2013.05.052.
Bonanno, G.A., Burton, C.L., 2013. Regulatory ﬂexibility: an individual diﬀerences per-
spective on coping and emotion regulation. Perspect. Psychol. Sci. 8, 591–612.
https://doi.org/10.1177/1745691613504116.
Bonanno, G.A., Papa, A., Lalande, K., Westphal, M., Coifman, K., 2004. The importance of
being ﬂexible: the ability to both enhance and suppress emotional expression predicts
long-term adjustment. Psychol. Sci. 15, 482–487. https://doi.org/10.1111/j.0956-
7976.2004.00705.x.
Boorman, E.D., Behrens, T.E., Rushworth, M.F., Jenkinson, M., Smith, S.M., 2011.
Counterfactual Choice and Learning in a Neural Network Centered on Human Lateral
Frontopolar Cortex. PLoS Biol. 9, e1001093. https://doi.org/10.1371/journal.pbio.
1001093.
Boorman, E.D., Behrens, T.E.J., Woolrich, M.W., Rushworth, M.F.S., 2009. How Green Is
the Grass on the Other Side? Frontopolar Cortex and the Evidence in Favor of
Alternative Courses of Action. Neuron 62, 733–743. https://doi.org/10.1016/j.
neuron.2009.05.014.
Bradley, R., Greene, J., Russ, E., Dutra, L., Westen, D., 2005. A multidimensional meta-
analysis of psychotherapy for PTSD. Am. J. Psychiatry 162, 214–227. https://doi.
org/10.1176/appi.ajp.162.2.214.
Braunstein, L.M., Gross, J.J., Ochsner, K.N., 2017. Explicit and implicit emotion regula-
tion: a multi-level framework. Soc. Cogn. Aﬀect. Neurosci. 12, 1545–1557. https://
doi.org/10.1093/scan/nsx096.
Buhle, J.T., Silvers, J.A., Wager, T.D., Lopez, R., Onyemekwu, C., Kober, H., Weber, J.,
Ochsner, K.N., 2014. Cognitive reappraisal of emotion: a meta-analysis of human
neuroimaging studies. Cereb. Cortex 24, 2981–2990. https://doi.org/10.1093/
cercor/bht154.
Bunge, S.A., Helskog, E.H., Wendelken, C., 2009. Left, but not right, rostrolateral pre-
frontal cortex meets a stringent test of the relational integration hypothesis.
Neuroimage 46, 338–342. https://doi.org/10.1016/j.neuroimage.2009.01.064.
Burgess, P.W., Gonen-Yaacovi, G., Volle, E., 2011. Functional neuroimaging studies of
prospective memory: what have we learnt so far? Neuropsychologia 49, 2246–2257.
https://doi.org/10.1016/j.neuropsychologia.2011.02.014.
Cavanagh, J.F., Figueroa, C.M., Cohen, M.X., Frank, M.J., 2012. Frontal Theta Reﬂects
Uncertainty and Unexpectedness during Exploration and Exploitation. Cereb. Cortex
22, 2575–2586. https://doi.org/10.1093/cercor/bhr332.
Damasio, H., Grabowski, T., Frank, R., Galaburda, A.M., Damasio, A.R., 1994. The return
of Phineas Gage: clues about the brain from the skull of a famous patient. Science
264, 1102–1105.
Daw, N.D., Niv, Y., Dayan, P., 2005. Uncertainty-based competition between prefrontal
and dorsolateral striatal systems for behavioral control. Nat. Neurosci. 8, 1704–1711.
https://doi.org/10.1038/nn1560.
Daw, N.D., O’Doherty, J.P., Dayan, P., Seymour, B., Dolan, R.J., 2006. Cortical substrates
for exploratory decisions in humans. Nature 441, 876–879. https://doi.org/10.1038/
nature04766.
Dreher, J.-C., Koechlin, E., Tierney, M., Grafman, J., Passingham, R., 2008. Damage to the
Fronto-Polar Cortex Is Associated with Impaired Multitasking. PLoS One 3, e3227.
https://doi.org/10.1371/journal.pone.0003227.
Eickhoﬀ, S.B., Bzdok, D., Laird, A.R., Roski, C., Caspers, S., Zilles, K., Fox, P.T., 2011. Co-
activation patterns distinguish cortical modules, their connectivity and functional
diﬀerentiation. Neuroimage 57, 938–949. https://doi.org/10.1016/j.neuroimage.
2011.05.021.
Eickhoﬀ, S.B., Laird, A.R., Grefkes, C., Wang, L.E., Zilles, K., Fox, P.T., 2009. Coordinate-
based activation likelihood estimation meta-analysis of neuroimaging data: a
random-eﬀects approach based on empirical estimates of spatial uncertainty. Hum.
Brain Mapp. 30, 2907–2926. https://doi.org/10.1002/hbm.20718.
Etkin, A., Büchel, C., Gross, J.J., 2015. The neural bases of emotion regulation. Nat. Rev.
Neurosci. 16, 693–700. https://doi.org/10.1038/nrn4044.
Frank, D.W., Dewitt, M., Hudgens-Haney, M., Schaeﬀer, D.J., Ball, B.H., Schwarz, N.F.,
Hussein, A.A., Smart, L.M., Sabatinelli, D., 2014. Emotion regulation: quantitative
meta-analysis of functional activation and deactivation. Neurosci. Biobehav. Rev. 45,
202–211. https://doi.org/10.1016/j.neubiorev.2014.06.010.
Frijda, N.H., 1986. The Emotions. Cambridge University Press.
Genovesio, A., Wise, S.P., Passingham, R.E., 2014. Prefrontal-parietal function: from
foraging to foresight. Trends Cogn. Sci. 18, 72–81. https://doi.org/10.1016/j.tics.
2013.11.007.
Greening, S.G., Osuch, E.A., Williamson, P.C., Mitchell, D.G.V., 2014. The neural corre-
lates of regulating positive and negative emotions in medication-free major depres-
sion. Soc. Cogn. Aﬀect. Neurosci. 9, 628–637. https://doi.org/10.1093/scan/nst027.
Hare, B., 2017. Survival of the Friendliest: Homo sapiens Evolved via Selection for
Prosociality. Annu. Rev. Psychol. 68, 155–186. https://doi.org/10.1146/annurev-
psych-010416-044201.
Hare, B., Melis, A.P., Woods, V., Hastings, S., Wrangham, R., 2007. Tolerance allows
bonobos to outperform chimpanzees on a cooperative task. Curr. Biol. 17, 619–623.
https://doi.org/10.1016/j.cub.2007.02.040.
Hare, B., Tomasello, M., 2005. Human-like social skills in dogs? Trends Cogn. Sci. 9,
439–444. https://doi.org/10.1016/j.tics.2005.07.003.
Hartogsveld, B., Bramson, B., Vijayakumar, S., van Campen, A.D., Marques, J.P., Roelofs,
K., Toni, I., Bekkering, H., Mars, R.B., 2017. Lateral frontal pole and relational pro-
cessing: activation patterns and connectivity proﬁle. Behav. Brain Res. https://doi.
org/10.1016/j.bbr.2017.08.003.
Johnsen, T.J., Friborg, O., 2015. The eﬀects of cognitive behavioral therapy as an anti-
depressive treatment is falling: a meta-analysis. Psychol. Bull. 141, 747–768. https://
doi.org/10.1037/bul0000015.
Johnstone, T., van Reekum, C.M., Urry, H.L., Kalin, N.H., Davidson, R.J., 2007. Failure to
regulate: counterproductive recruitment of top-down prefrontal-subcortical circuitry
in major depression. J. Neurosci. 27, 8877–8884. https://doi.org/10.1523/
JNEUROSCI.2063-07.2007.
Kaldewaij, R., Koch, S.B.J., Volman, I., Toni, I., Roelofs, K., 2017. On the control of social
approach-avoidance behavior: neural and endocrine mechanisms. In: Wöhr, M.,
Karch, S. (Eds.), Soc Behav from Rodents to Humans. Springer International
Publishing AG, Cham, pp. 275–293.
Kalisch, R., 2009. The functional neuroanatomy of reappraisal: time matters. Neurosci.
Biobehav. Rev. 33, 1215–1226. https://doi.org/10.1016/j.neubiorev.2009.06.003.
Kanske, P., Heissler, J., Schönfelder, S., Bongers, A., Wessa, M., 2011. How to regulate
emotion? Neural networks for reappraisal and distraction. Cereb. Cortex 21,
1379–1388. https://doi.org/10.1093/cercor/bhq216.
Kato, T., 2012. Development of the Coping Flexibility Scale: evidence for the coping
ﬂexibility hypothesis. J. Couns. Psychol. 59, 262–273. https://doi.org/10.1037/
a0027770.
Koechlin, E., 2016. Prefrontal executive function and adaptive behavior in complex en-
vironments. Curr. Opin. Neurobiol. 37, 1–6. https://doi.org/10.1016/j.conb.2015.
11.004.
Koechlin, E., 2014. An evolutionary computational theory of prefrontal executive func-
tion in decision-making. Philos. Trans. R. Soc. London B Biol. Sci. 369, 1–9.
Koechlin, E., 2011. Frontal pole function: what is speciﬁcally human? Trends Cogn. Sci.
15, 241. https://doi.org/10.1016/j.tics.2011.04.005.
Koechlin, E., Hyaﬁl, A., 2007. Anterior prefrontal function and the limits of human de-
cision-making. Science 318 (80), 594–598. https://doi.org/10.1126/science.
1142995.
Kohn, N., Eickhoﬀ, S.B.B., Scheller, M., Laird, A.R.R., Fox, P.T.T., Habel, U., 2014. Neural
network of cognitive emotion regulation–an ALE meta-analysis and MACM analysis.
Neuroimage 87, 345–355. https://doi.org/10.1016/j.neuroimage.2013.11.001.
Konrad, K., Neufang, S., Thiel, C.M., Specht, K., Hanisch, C., Fan, J., Herpertz-Dahlmann,
B., Fink, G.R., 2005. Development of attentional networks: an fMRI study with
children and adults. Neuroimage 28, 429–439. https://doi.org/10.1016/j.
neuroimage.2005.06.065.
Lang, P.J., Bradley, M.M., Cuthbert, B.N., 1990. Emotion, attention, and the startle reﬂex.
Psychol. Rev. 97, 377–395. https://doi.org/10.1037/0033-295X.97.3.377.
Lee, D., Seo, H., Jung, M.W., 2012. Neural basis of reinforcement learning and decision
making. Annu. Rev. Neurosci. 35, 287–308. https://doi.org/10.1146/annurev-neuro-
062111-150512.
Lee, S.W., Shimojo, S., O’Doherty, J.P., 2014. Neural computations underlying arbitration
between model-based and model-free learning. Neuron 81, 687–699. https://doi.org/
S.B.J. Koch et al. Neuroscience and Biobehavioral Reviews 95 (2018) 528–534
533
10.1016/j.neuron.2013.11.028.
Levy-Gigi, E., Bonanno, G.A., Shapiro, A.R., Richter-Levin, G., Kéri, S., Sheppes, G., 2016.
Emotion regulatory ﬂexibility sheds light on the elusive relationship between re-
peated traumatic exposure and posttraumatic stress disorder symptoms. Clin.
Psychol. Sci. 4, 28–39. https://doi.org/10.1177/2167702615577783.
Liberzon, I., Abelson, J.L., 2016. Context processing and the neurobiology of post-trau-
matic stress disorder. Neuron 92, 14–30. https://doi.org/10.1016/j.neuron.2016.09.
039.
Mansouri, F.A., Koechlin, E., Rosa, M.G.P., Buckley, M.J., 2017. Managing competing
goals — a key role for the frontopolar cortex. Nat. Rev. Neurosci. 18, 645–657.
https://doi.org/10.1038/nrn.2017.111.
Mars, R.B., Verhagen, L., Gladwin, T.E., Neubert, F.-X., Sallet, J., Rushworth, M.F.S.,
2016. Comparing brains by matching connectivity proﬁles. Neurosci. Biobehav. Rev.
60, 90–97. https://doi.org/10.1016/j.neubiorev.2015.10.008.
Melis, A.P., Hare, B., Tomasello, M., 2006. Engineering cooperation in chimpanzees:
tolerance constraints on cooperation. Anim. Behav. 72, 275–286. https://doi.org/10.
1016/j.anbehav.2005.09.018.
Mithen, S., 1998. The Prehistory of the Mind a Search for the Origins of Art, Religion and
Science. Orion Books, London.
Moll, J., Eslinger, P.J., Oliveira-Souza, R., 2001. Frontopolar and anterior temporal cortex
activation in a moral judgment task: preliminary functional MRI results in normal
subjects. Arq. Neuropsiquiatr. 59, 657–664.
Moll, J., Zahn, R., de Oliveira-Souza, R., Bramati, I.E., Krueger, F., Tura, B., Cavanagh,
A.L., Grafman, J., 2011. Impairment of prosocial sentiments is associated with
frontopolar and septal damage in frontotemporal dementia. Neuroimage 54,
1735–1742. https://doi.org/10.1016/j.neuroimage.2010.08.026.
Morawetz, C., Bode, S., Derntl, B., Heekeren, H.R., 2017. The eﬀect of strategies, goals
and stimulus material on the neural mechanisms of emotion regulation: a meta-
analysis of fMRI studies. Neurosci. Biobehav. Rev. 72, 111–128. https://doi.org/10.
1016/j.neubiorev.2016.11.014.
Neubert, F.-X., Mars, R.B., Thomas, A.G., Sallet, J., Rushworth, M.F.S., 2014. Comparison
of human ventral frontal cortex areas for cognitive control and language with areas in
monkey frontal cortex. Neuron 81, 700–713. https://doi.org/10.1016/j.neuron.
2013.11.012.
Ochsner, K.N., Bunge, S.A., Gross, J.J., Gabrieli, J.D.E., 2002. Rethinking feelings: an
FMRI study of the cognitive regulation of emotion. J. Cogn. Neurosci. 14, 1215–1229.
https://doi.org/10.1162/089892902760807212.
Ochsner, K.N., Gross, J.J., 2005. The cognitive control of emotion. Trends Cogn. Sci. 9,
242–249. https://doi.org/10.1016/j.tics.2005.03.010.
Öngür, D., Ferry, A.T., Price, J.L., 2003. Architectonic subdivision of the human orbital
and medial prefrontal cortex. J. Comp. Neurol. 460, 425–449. https://doi.org/10.
1002/cne.10609.
Passingham, R., Wise, S., 2012. The Neurobiology of the Prefrontal Cortex: Anatomy,
Evolution, and the Origin of Insight. Oxford University Press, Oxford.
Penn, D.C., Holyoak, K.J., Povinelli, D.J., 2008. Darwin’s mistake: explaining the dis-
continuity between human and nonhuman minds. Behav. Brain Sci. 31, 109-30-178.
https://doi.org/10.1017/S0140525X08003543.
Radke, S., Volman, I., Mehta, P., van Son, V., Enter, D., Sanfey, A., Toni, I., de Bruijn,
E.R.A., Roelofs, K., 2015. Testosterone biases the amygdala toward social threat
approach. Sci. Adv. 1, e1400074. https://doi.org/10.1126/sciadv.1400074.
Ramnani, N., Owen, A.M., 2004. Anterior prefrontal cortex: insights into function from
anatomy and neuroimaging. Nat. Rev. Neurosci. 5, 184–194. https://doi.org/10.
1038/nrn1343.
Rive, M.M., Mocking, R.J.T., Koeter, M.W.J., van Wingen, G., de Wit, S.J., van den
Heuvel, O.A., Veltman, D.J., Ruhé, H.G., Schene, A.H., 2015. State-Dependent
Diﬀerences in Emotion Regulation Between Unmedicated Bipolar Disorder and Major
Depressive Disorder. JAMA Psychiatry 72, 687. https://doi.org/10.1001/
jamapsychiatry.2015.0161.
Rive, M.M., Van Rooijen, G., Veltman, D.J., Phillips, M.L., Schene, A.H., Ruhé, H.G.,
2013. Neural correlates of dysfunctional emotion regulation in major depressive
disorder. A systematic review of neuroimaging studies. Neurosci. Biobehav. Rev. 37,
2529–2553.
Roca, M., Torralva, T., Gleichgerrcht, E., Woolgar, A., Thompson, R., Duncan, J., Manes,
F., 2011. The role of Area 10 (BA10) in human multitasking and in social cognition: a
lesion study. Neuropsychologia 49, 3525–3531. https://doi.org/10.1016/j.
neuropsychologia.2011.09.003.
Roelofs, K., Minelli, A., Mars, R.B., van Peer, J., Toni, I., 2009. On the neural control of
social emotional behavior. Soc. Cogn. Aﬀect. Neurosci. 4, 50–58. https://doi.org/10.
1093/scan/nsn036.
Rushworth, M.F.S., Noonan, M.P., Boorman, E.D., Walton, M.E., Behrens, T.E., 2011.
Frontal cortex and reward-guided learning and decision-making. Neuron 70,
1054–1069. https://doi.org/10.1016/j.neuron.2011.05.014.
Semendeferi, K., Armstrong, E., Schleicher, A., Zilles, K., Van Hoesen, G.W., 2001.
Prefrontal cortex in humans and apes: a comparative study of area 10. Am. J. Phys.
Anthropol. 114, 224–241. https://doi.org/10.1002/1096-8644(200103)
114:3<224::AID-AJPA1022>3.0.CO;2-I.
Shaw, P., Kabani, N.J., Lerch, J.P., Eckstrand, K., Lenroot, R., Gogtay, N., Greenstein, D.,
Clasen, L., Evans, A., Rapoport, J.L., Giedd, J.N., Wise, S.P., 2008.
Neurodevelopmental trajectories of the human cerebral cortex. J. Neurosci. 28,
3586–3594. https://doi.org/10.1523/JNEUROSCI.5309-07.2008.
Sheline, Y.I., Barch, D.M., Price, J.L., Rundle, M.M., Vaishnavi, S.N., Snyder, A.Z., Mintun,
Ma., Wang, S., Coalson, R.S., Raichle, M.E., 2009. The default mode network and self-
referential processes in depression. Proc. Natl. Acad. Sci. 106, 1942–1947. https://
doi.org/10.1073/pnas.0812686106.
Sheppes, G., Levin, Z., 2013. Emotion regulation choice: selecting between cognitive
regulation strategies to control emotion. Front. Hum. Neurosci. 7, 1–4. https://doi.
org/10.3389/fnhum.2013.00179.
Sheppes, G., Scheibe, S., Suri, G., Gross, J.J., 2011. Emotion-regulation choice. Psychol.
Sci. 22, 1391–1396. https://doi.org/10.1177/0956797611418350.
Sheppes, G., Scheibe, S., Suri, G., Radu, P., Blechert, J., Gross, J.J., 2014. Emotion reg-
ulation choice: a conceptual framework and supporting evidence. J. Exp. Psychol.
Gen. 143, 163–181. https://doi.org/10.1037/a0030831.
Sheppes, G., Suri, G., Gross, J.J., 2015. Emotion regulation and psychopathology. Annu.
Rev. Clin. Psychol. 11, 379–405. https://doi.org/10.1146/annurev-clinpsy-032814-
112739.
Sokolowski, H.M., Fias, W., Mousa, A., Ansari, D., 2017. Common and distinct brain re-
gions in both parietal and frontal cortex support symbolic and nonsymbolic number
processing in humans: A functional neuroimaging meta-analysis. Neuroimage 146,
376–394. https://doi.org/10.1016/j.neuroimage.2016.10.028.
Soutschek, A., Kang, P., Ruﬀ, C.C., Hare, T.A., Tobler, P.N., 2018. Brain Stimulation Over
the Frontopolar Cortex Enhances Motivation to Exert Eﬀort for Reward. Biol.
Psychiatry 84, 38–45. https://doi.org/10.1016/j.biopsych.2017.11.007.
Sowell, E.R., Peterson, B.S., Thompson, P.M., Welcome, S.E., Henkenius, A.L., Toga, A.W.,
2003. Mapping cortical change across the human life span. Nat. Neurosci. 6,
309–315. https://doi.org/10.1038/nn1008.
Sutton, R., Barto, A., 1998. Reinforcement Learning: an Introduction. MIT Press,
Cambridge, Massachusetts.
Travis, K., Ford, K., Jacobs, B., 2005. Regional dendritic variation in neonatal human
cortex: a quantitative Golgi study. Dev. Neurosci. 27, 277–287. https://doi.org/10.
1159/000086707.
Tsujimoto, S., Genovesio, A., Wise, S.P., 2011. Frontal pole cortex: encoding ends at the
end of the endbrain. Trends Cogn. Sci. 15, 169–176. https://doi.org/10.1016/j.tics.
2011.02.001.
Turkeltaub, P.E., Eden, G.F., Jones, K.M., Zeﬃro, Ta., 2002. Meta-analysis of the func-
tional neuroanatomy of single-word reading: method and validation. Neuroimage 16,
765–780. https://doi.org/10.1006/nimg.2002.1131.
Tyborowska, A., Volman, I., Smeekens, S., Toni, I., Roelofs, K., 2016. Testosterone during
Puberty Shifts Emotional Control from Pulvinar to Anterior Prefrontal Cortex. J.
Neurosci. 36, 6156–6164.
Umeda, S., Kurosaki, Y., Terasawa, Y., Kato, M., Miyahara, Y., 2011. Deﬁcits in pro-
spective memory following damage to the prefrontal cortex. Neuropsychologia 49,
2178–2184. https://doi.org/10.1016/j.neuropsychologia.2011.03.036.
Vanderhasselt, M.-A., K?hn, S., De Raedt, R., 2013. “Put on your poker face”: neural
systems supporting the anticipation for expressive suppression and cognitive re-
appraisal. Soc. Cogn. Aﬀect. Neurosci. 8, 903–910. https://doi.org/10.1093/scan/
nss090.
Vendetti, M.S., Bunge, S.A., 2014. Evolutionary and developmental changes in the lateral
frontoparietal network: a little goes a long way for higher-level cognition. Neuron 84,
906–917. https://doi.org/10.1016/j.neuron.2014.09.035.
Volle, E., Gonen-Yaacovi, G., Costello, A., de, L., Gilbert, S.J., Burgess, P.W., 2011. The
role of rostral prefrontal cortex in prospective memory: a voxel-based lesion study.
Neuropsychologia 49, 2185–2198. https://doi.org/10.1016/j.neuropsychologia.
2011.02.045.
Volman, I., Roelofs, K., Koch, S., Verhagen, L., Toni, I., 2011a. Anterior prefrontal cortex
inhibition impairs control over social emotional actions. Curr. Biol. 21, 1766–1770.
https://doi.org/10.1016/j.cub.2011.08.050.
Volman, I., Toni, I., Verhagen, L., Roelofs, K., 2011b. Rndogenous testosterone modulates
prefrontal-amygdala connectivity during social emotional behaviorT. Cereb. Cortex
21, 2282–2290. https://doi.org/10.1093/cercor/bhr001.
Volman, I., von Borries, A.K.L., Hendrik Bulten, B., Jan Verkes, R., Toni, I., Roelofs, K.,
2016. Testosterone modulates altered prefrontal control of emotional actions in
psychopathic oﬀenders. eNeuro 3. https://doi.org/10.1523/ENEURO.0107-15.2016.
von Borries, A.K.L., Volman, I., de Bruijn, E.R.A., Bulten, B.H., Verkes, R.J., Roelofs, K.,
2012. Psychopaths lack the automatic avoidance of social threat: relation to instru-
mental aggression. Psychiatry Res. 200, 761–766. https://doi.org/10.1016/j.
psychres.2012.06.026.
Whiten, A., Ayala, F.J., Feldman, M.W., Laland, K.N., 2017. The extension of biology
through culture. Proc. Natl. Acad. Sci. U. S. A. 114, 7775–7781. https://doi.org/10.
1073/pnas.1707630114.
Zajkowski, W.K., Kossut, M., Wilson, R.C., 2017. A causal role for right frontopolar cortex
in directed, but not random, exploration. Elife 6. https://doi.org/10.7554/eLife.
27430.
S.B.J. Koch et al. Neuroscience and Biobehavioral Reviews 95 (2018) 528–534
534
